Recent research results have shown that neural network techniques are e ective in compensating highly nonlinear uncertainties in the robot model where computed torque method is used for robot motion control. One excellent work was reported by Ishiguro et:al 1]. The propose of this note is to present a simple alternate solution to the same control problem which eliminates the need of a neural network. The solution is based on the disturbance rejection technique by the authors 2]. Computer simulations show that the alternate control method works better.
I Introduction
It is a well established fact that model-based computed-torque control scheme is the basic technique for robot control system design. But it is also a common knowledge that the scheme has poor robustness when uncertainties exist in the robot model. To improve the robustness, application of both adaptive control techniques and neural network control techniques have been proposed. The latter approach has been actively investigated in recent years.
Eliminating the e ects of model uncertainties by adaptive control scheme is to estimate the robot parameters online. On the other hand, a disturbance rejection torque is generated on-line by a neural network to cancel out the e ects of uncertainties in robot dynamics 1]. Both of these approaches require extensive computation. The purpose of this note is to examine the basic idea behind the neural network scheme proposed by Ishiguro et:al 1] , and to present an extremely simple alternate scheme to solve the same problem.
II An Alternative to Neural Network Control Scheme
The robot control scheme proposed in 1] can be summarized as follows:
Given the robot manipulator dynamics as (2) is essentially a highly nonlinear and complex disturbance in the computedtorque control system caused by robot model uncertainties M; h; and F; and N is generated by the neural network to cancel out this disturbance. From this standpoint, other disturbance rejection techniques which ful ll the requirement (3) could also be applicable. One such simple technique has been studied by the authors' research group for several years for robot motion control 2]. We now show how to adapt that idea to the problem at hand.
Based on the concept in 2], the teaching signal t at time t can be closely approximated by its time delayed value t (t ? ) when the delay time is su ciently small and t (t) is a continuous function. Then instead of generating the signal N from the neural network compensator, we simply approximate N at time t in (6) as
(8) where M (t) is de ned by the nominal robot model (5). In this way, the disturbance rejection torque N is instantly computed from the time-delayed values of and M . In practice can be conveniently chosen as the sampling period in the digitally implemented controller, and is usually very small. So previous samples of (t ? ) and M (t ? ) can be stored at every sampling period for computing (8). The alternate control scheme is depicted in Figure 1 . This scheme requires no neural network. The approximation of (8) leads to a closed loop error equation
where (t) = ( (t) ? (t ? )) ? ( M (t) ? M (t ? )). Since in practice (t) and M (t) are reasonably smooth function, and (t) is bounded and small for small , the compensated error equation (9) is reasonably close to the ideal result (7). It is easy to see that (t) ! 0 when ! 0. With the aid of DSP hardware, it is possible to compute M at a sampling rate of 1000 Hz 3] . Thus can be made su ciently small in practice. In our controller implemented at UCD for PUMA560 the sampling rate becomes 200 Hz. Simulation results of the proposed scheme are presented below.
III Computer Simulation Study
A robot manipulator with three rotary joint is used in the simulation. Robot model parameters are taken from the rst three links of a Puma 560 arm. Model uncertainties are introduced by adding a payload of 10 kg at the end of third link, and a friction torque of F ( _ ) = 5:0sgn( _ ) + 8:0 _ at each joint. The end point is commanded to track a circle of radius 30 cm which is tilted 45 degrees in the 3-D Cartesian space with a cycle time of 4 secs. Using the proposed control scheme, the joint position and velocity tracking errors for all three joints are plotted in Figure 2 . Also plotted in Figure 2 for comparison are the errors of the neural network control scheme in 1] where the update rate , momentum coe cient , a number of hidden units N H , and the output layer bound B are optimized as : = 0:001; = 0:9; N H = 6; B = 50. Initial weights are randomly selected. Another simulation that the robot manipulator is required to follow composite trajectory which is composed of four di erent trajectories as shown in Figure 3 is carried out. The proposed control scheme outperforms the Ishiguro's neural network control scheme in tracking as shown in Figure 3 where the neural network parameters are optimized as : = 0:0005; = 0:9; N H = 6; B = 90 in this case. One of the reason that Ishiguro's scheme performs poor is due to using accelerations as neural network controller inputs. Eliminating acceleration inputs to NN the tracking performances are improved for both circular and composite trajectory. The detailed simulation studies regarding NN input types can be found in 4]. The PD gains in both schemes are K v = diag 20; 20; 20] K p = diag 100; 100; 100], and the sampling rate is 200 Hz. We see that not only the alternate scheme works, but it also works better with tracking errors kept steadily near zero at all times.
IV Concluding Remarks
Having been shown by simulation that the alternate scheme is working extremely well in comparison with the original neural network scheme under the same control environment, we may wish to ask the following interesting question. Given that the nominal robot parametersM andĥ are available and compensation of uncertainties in the computed-torque controller can be achieved by the proposed scheme as well as other robust schemes, would it not be unfair to say that neural network schemes such as 1] are unnecessarily complicated solutions to the problem? It is undeniable that neural network is a powerful technique which can solve complicated nonlinear control problems in robotics. The authors of 1] have stated that the neural network works better when it is required to learn model uncertainties instead of the complete robot inverse dynamics. In our view, the neural network is under-used in this type of application. So it is important for us researchers to carefully examine the full potential and special bene ts that can be derived from using neural network for robot control whenM andĥ are available. As of now, a strong case has not been made that neural network solution is meaningful. Therefore, one direction of our future research is to implement the neural network controller for non-model based robot control. Another on going research is to experiment the proposed scheme on PUMA 560 robot manipulator. captionComposite Trajectory Tracking Error for Proposed Scheme and Neural Network Scheme when Acceleration Inputs to NN are Eliminated
